Nilotinib is a second-generation tyrosine kinase inhibitor with significant efficacy as first-or second-line treatment in patients with chronic myeloid leukemia. Despite preclinical evidence indicating a risk of prolongation of the QT interval, which was confirmed in clinical trials, detailed information on nilotinib's cardiac safety profile is lacking.
Introduction
The pathogenetic role of the BCR-ABL p210 tyrosine kinase resulting from the reciprocal translocation t(9;22)(q34;q11) and its gene product BCR-ABL1 in chronic myeloid leukemia (CML) led to the development of imatinib mesylate 1 (Novartis Pharmaceuticals Corporation, East Hanover, NJ, USA). The first small molecule tyrosine kinase inhibitor (TKI) to be approved, imatinib mesylate additionally targets c-Kit and PDGFR-α and -b and is now the standard of care in patients with CML, 2 a disease which naturally progresses from a chronic phase to an accelerated phase and ultimately to a fatal blast crisis. 3 However, because of problems of intolerance and resistance, the latter resulting from specific point mutations in the kinase domain of ABL, 4 several second-generation TKI with increased efficacy and specificity have been developed. 5 Nilotinib (Novartis Pharmaceuticals Corporation), formerly AMN107, is an orally active aminopyrimidine-derivative based on imatinib mesylate with increased selectivity and inhibitory potency against wild-type BCR-ABL1 and most imatinib-resistance conferring mutations. 6 Considerable clinical efficacy in imatinib-intolerant orresistant patients led to nilotinib's approval for use after the failure of imatinib treatment. 7, 8 Subsequently, the ENESTnd trial showed that nilotinib is superior to imatinib in terms of cytogenetic and molecular remission rates and rates of disease progression in newly diagnosed patients. 9 Nilotinib has, therefore, additionally been approved as first-line therapy for patients with CML in chronic phase by the Food and Drug Administration and the European Medicines Agency.
However, preclinical safety studies indicated that nilotinib may have cardiac side effects. 10 In vitro, cardiac electrophysiological investigations utilizing the hERG channel and the isolated rabbit heart assay revealed preclinical signs of QT prolongation 10 but without evidence of cytotoxicity in neonatal rat ventricular myocytes in vitro or overt cardiovascular pathology or heart failure in vivo. 11 In an exploratory analysis of patients treated within a phase I trial, the corrected QT interval by Fridericia's formula (QTcF) increased by 5 to 15 msec. 12 Among the 119 patients, two had adverse cardiac events associated with nilotinib, including one who developed a pericardial effusion and atrial fibrillation. In addition, one unexplained sudden death was reported. Nilotinib carries a Food and Drug Association boxed warning on possible life-threatening heart problems that may lead to an irregular heartbeat and possible sudden death. Therefore, caution in patients with significant cardiac disease or at risk of having or developing prolongation of QTcF, correction of low potassium or magnesium levels and careful monitoring for cardiac events are advised.
As the clinical significance of cardiac side effects of nilotinib is unknown and this may prohibit access of a number of patients to a highly active drug, we retrospectively analyzed subclinical and clinical cardiac parameters in patients treated with nilotinib.
Design and Methods

Patients
All patients at the Department of Hematology and Oncology of the Charité -Universitätsmedizin Berlin, Campus VirchowKlinikum, who were being or had previously been treated with nilotinib between November 2004 and June 2011 were retrospectively studied for this safety analysis. Nilotinib was administered as therapy for CML (n=77), for acute lymphoblastic leukemia (n=2), hypereosinophilic syndrome (n=1) or systemic mastocytosis (n=1) at a starting daily dose of 400 mg BID orally. As per prescription, nilotinib had to be taken after at least 2 hours of fasting. Most patients were treated within clinical trials (Clinicaltrials.gov: NCT00109707, NCT00471497, and NCT00905593). All trials were conducted in accordance with the applicable regulatory requirements. Patients gave their written informed consent to participation in a clinical trial or retrospective analysis of their data. All procedures were followed in accordance with the Helsinki Declaration and were approved by the local ethics committee. Patients were excluded from the trial if they had known uncontrolled or medically significant cardiac disease, a left ventricular ejection fraction (LVEF) <45%, or a QTcF interval >450 msec.
Evaluation of patients
Patients were followed regularly at intervals of 3 to 6 months, as clinically indicated. Cardiovascular risk factors, body mass index, and World Health Organization/Eastern Cooperative Oncology Group (WHO/ECOG), New York Heart Association and Canadian Cardiovascular Society scores were determined retrospectively from the patients' charts and case report forms of clinical trials.
Cardiovascular evaluation
In addition to standard biochemical and hematologic parameters, a baseline 12-lead electrocardiogram and echocardiography were performed in all patients. A LVEF ≥55% was considered normal. LVEF values of 41-54% and 26-40% defined mild and moderate left ventricular dysfunction, respectively. Specific cardiovascular biochemical parameters (creatine kinase-MB or troponin T) were analyzed only in patients with cardiac events. Every 3 to 6 months, longitudinal cardiac monitoring was conducted for QT prolongation via electrocardiograms and for heart failure/systolic dysfunction via echocardiograms. Assessment of prolongation of the QTc interval was based on the LQTS diagnostic score. 13 The QTc interval was calculated using different methods including Bazett's formula and Fridericia's formula, but the latter was used to ensure compatibility with previous studies. The 12-lead electrocardiograms and echocardiograms were performed, analyzed or supervised in-house by board-certified cardiologists.
Definition of cardiac events
A cardiac adverse event was defined as the occurrence of a symptomatic arrhythmia that required treatment, syncope, new left ventricular dysfunction, acute coronary syndrome including angina pectoris and myocardial infarction, and sudden death. In patients who developed cardiac symptoms during nilotinib therapy, changes in electrocardiograms were analyzed, and the patients underwent echocardiography. The initiation and type of cardiac treatment were based on the clinical findings. Coronary angiography was performed when indicated, according to the guidelines of the European Society of Cardiology. 14, 15 Electrocardiograms, echocardiograms and chest X-rays were conducted routinely before treatment and as clinically indicated during the follow-up.
Statistical analysis
A descriptive statistical analysis was performed using the oneway ANOVA-test with Dunnett's post-test when appropriate. Overall survival was measured from the start of nilotinib therapy to death, and event-free survival (EFS) was measured from the start of nilotinib therapy to any of the following events while on therapy: death from any cause, cardiac adverse event, discontinuation of therapy because of toxicity or lack of efficacy, loss of complete hematologic response, loss of complete cytogenetic response, or progression to accelerated or blast phase disease. A P value less than 0.05 was considered statistically significant. All tests were two-sided.
Results
Patients' characteristics
Eighty-one patients [44 males (54.3%)], with a median age of 57 years (range, 25-85) were studied and followed up for a median of 44 months (range, 2-73). The median disease duration was 36 months (range, 1-180). Patients received nilotinib either as part of clinical trials (n=50, 62%) or as per prescription (n=31, 38%). All patients had a WHO/ECOG score of 2 or better and 61 patients (75%) had a WHO/ECOG score of 0. Previous therapies included primarily imatinib mesylate in 66 patients (81%), and interferon-α in 22 (27%).
At baseline, the documented cardiovascular risk factors in the 81 patients included type 2 diabetes mellitus in 11 patients (14%), untreated hypertension in two (2%), controlled hypertension in 26 (32%), current or former nicotine abuse in three (4%), grade 1 obesity in seven (9%), and grade 2 obesity in two (2%). Overall, 41 of 81 patients (51%) had one or more cardiovascular risk factors. A medical history of cardiovascular disease, including coronary artery disease and arrhythmia, was each present in six (7%) patients. Four of six patients with coronary artery disease had had a myocardial infarction prior to the nilotinib therapy. Clinically, only one patient had a Canadian Cardiovascular Society score of 1, and one patient each had New York Heart Association (NYHA) grade 1 or 2 heart failure. Systolic and diastolic dysfunction were present in three (4%) and 32 (40%) patients, respectively.
Patients treated within clinical trials had a significantly shorter median disease duration (15 months), but longer treatment with nilotinib (37 months) than patients who received nilotinib as per prescription (60 and 8 months, respectively). No other baseline characteristic differed significantly between these two groups (data not shown).
Cardiovascular monitoring
At baseline, 26 patients (32%) had electrocardiographic changes including rhythm abnormalities in six (7%), conduction disturbances in 12 (15%), ST segment changes in two (2%), T wave changes in four (5%), and QTc prolongation in four (5%) patients. Of note, two patients had conduction disturbances and QTc prolongation concomitantly. Under treatment, 12 of these 26 patients had resolution of their electrocardiographic changes and 16 of all 81 patients (20%) developed new changes including rhythm abnormalities in 4 (5%), conduction disturbances in one (1%), ST segment changes in two (2%), T wave changes in two (2%), and QTc prolongation in nine (11%) patients.
Overall, the median QTcF interval at baseline was 413 msec (range, 368-499 msec). An increase of >30 msec or >60 msec occurred in 18 (22%) and two (2%) patients, respectively. No patients had an absolute QTcF interval >500 msec at any time during the observational period. During follow-up, the median QTcF was never higher than 420 msec (range, 406-420 msec) ( Figure 1A) .
At least one LVEF measurement was available during follow-up for 46 of the 81 patients (57%). The median baseline LVEF was 55%. After 1, 3, 6 and 12 months of followup and more than 1 year later or at end of study there were no significant differences from baseline ( Figure 1B) . LVEF did not decrease below 50% in any patient, but seven patients had echocardiographic evidence of new diastolic dysfunction without clinical symptoms.
Clinical cardiac events and management
Overall, seven patients (9%) developed 11 clinical cardiac Cardiac safety of nilotinib haematologica | 2012; 97 (6) 885 Six patients had an acute coronary syndrome including two with a myocardial infarction, of which one was lethal, and one had newly developed atrial fibrillation. Management included coronary angiography with intervention in three patients. With the exception of one patient who developed an acute coronary syndrome after cessation of nilotinib and one patient who died of myocardial infarction, all other patients were able to continue nilotinib therapy with only one brief interruption for 3 weeks.
Clinical outcome
The median duration of nilotinib therapy in the entire population was 26 months (range, 1-72) for a total exposure of 187 patient-years. There were 48 events, including disease progression (n=12), cardiac adverse events (n=7), and deaths (n=10), including one due to myocardial infarction in a 73-year old male patient, but no confirmed cases of sudden death. There was no evidence of cumulative toxicity, i.e. an increase of adverse events with longer exposure. Event-free survival rates at 3 and 5 years were 46% and 32%, respectively; the overall survival rates at 3 and 5 years were 88% and 87%, respectively.
Discussion
It is well-known that some anticancer drugs are cardiotoxic and the importance of this is being increasingly recognized. [16] [17] [18] In addition to sharing risk factors, the aging of the general population in developed countries makes it more probable that a patient has both cancer and cardiovascular disease, which may present a considerable therapeutic challenge and has a significant impact on the overall prognosis and survival of cancer patients. Manifestations range from asymptomatic QT prolongation to reduction in LVEF, symptomatic congestive heart failure, acute coronary syndromes with myocardial infarction and sudden death. However, there are currently no standardized definitions, which has precluded direct comparisons of various studies and the establishment of universally accepted guidelines or recommendations. Mechanisms of toxicity to the cardiovascular system include direct damage to cardiomyocytes or inflammation of the pericardium, promotion of blood clotting in the vessels, and through induction of hypertension. 16 TKI, although originally considered to be less toxic and better tolerated than other drugs, may also induce cardiac side effects. [19] [20] [21] Toxicity may result from inhibition of the intended target that is expressed in the heart and the vasculature, e.g. on-target toxicity, or inhibition of alternative targets through limited selectivity, e.g. off-target toxicity. 22 Previous reports described cardiotoxicity resulting from therapy with sunitinib, 23, 24 sorafinib, 24 and imatinib mesylate. 25 Although the clinical occurrence and/or significance of the latter are being disputed, [26] [27] [28] [29] [30] [31] [32] [33] reengineering efforts have been undertaken to alleviate the problem. 34 More recently, QTc prolongation and myocardial infarction related to dasatinib therapy have been reported. 35 The generally low incidence of cardiotoxicity from TKI therapy argues against a class effect. However, with increasing therapeutic success long-term follow-up needs to confirm the lack of late detrimental effects. Recent data related to possible increases in peripheral arterial occlusive disease under treatment with nilotinib [36] [37] [38] and pulmonary arterial hypertension under treatment with dasatinib 39 have heightened awareness on the need to monitor carefully for relatively rare toxicities after approval of a new drug. Our experience has, so far, raised the possibility of an increase of severe vascular events in patients with CML receiving nilotinib therapy, 38 necessitating the prospective evaluation of this risk.
Targeted therapies have a well-described effect on the QT interval 40 with QT prolongation known to increase the risk of malignant cardiac arrhythmias, such as torsade de pointes, and sudden cardiac death. 41 Among patients with long QT syndrome, the risk of a first cardiac event increases with a QTc interval >447 msec (RR 1.6 compared to QTc <446 msec) and >470 msec (RR 5.3). The highest risk is found when QTc is prolonged to more than 498 msec (RR 8.36 compared to QTc <498 msec). 42, 43 There is preclinical evidence of a concentration-dependent effect of nilotinib on cardial ventricular repolarization. 10 In clinical studies, changes of the QTcF interval from baseline were in the range of 5 to 15 msec, between 2.5 and 4% of patients had increases of QTcF of more than 60 msec, and in only study was an incidence of 1.2% of QTcF intervals >500 msec reported. [7] [8] [9] 12 In line with these studies, in our cohort no patient had an absolute QTcF interval >500 msec and 2% of patients had an increase of QTcF of more than 60 msec. With a median follow-up of 44 months there were no significant changes in QTcF intervals from baseline. However, 20% of patients developed new electrocardiographic changes that were asymptomatic and clinically irrelevant with the exception atrial fibrillation in one patient.
Measurement of the LVEF is the most common radiological method used to screen for toxic effects on the heart. 44 However, its low sensitivity for early prediction of cardiomyopathy limits its usefulness and diastolic measurements, including the E/A ratio (peak early atrial velocity divided by peak late atrial velocity) and more recent techniques such as tissue velocity imaging of early diastole, strain, and strain rate, may be more sensitive to early changes in cardiac function. In our cohort, there was no significant decline in LVEF at any time-point, excluding cases of overt cardiotoxicity. However, new diastolic dysfunction was seen in seven patients indicating potential subtle cardiac changes. Since the diagnosis is examiner-dependent and there are no standardized tests, the clinical significance remains unclear. Seven patients had cardiac events that occurred at a median of 14.5 months after initiation of nilotinib therapy. With the exception of one case of fatal myocardial infarction, all events could be managed as clinically indicated without necessitating significant changes to the continued nilotinib therapy. In addition, nilotinib does not seem to have a negative long-term impact. With several confounding factors involved in these patients, a direct relationship between the cardiac events and nilotinib cannot be either proven or excluded. It should be noted that these seven patients were older and had a longer disease duration compared to the entire study population. The occurrence of cardiac events may, therefore, merely reflect cardiovascular disease of the elderly population and may not be a direct effect of TKI therapy which would be supported by the lack of overt cardiotoxicity in vitro and in vivo. 11 However, nilotinib may add to established cardiovascular risk factors or other comorbidities either by direct vascular effects, e.g. through interaction with discoidin domain receptor 1 (DDR1), or by metabolic effects, e.g. through increased fasting glucose levels, as has been described for the development of peripheral arterial occlusive disease. 36, 45 There are several strategies to prevent or address clinically relevant cardiovascular toxicity. Only a subgroup of treated patients will develop relevant cardiac damage and screening may allow the early identification of those at increased risk. 44 A cardiovascular examination, together with a thorough personal and family history, can evaluate the patient at baseline, whereas careful monitoring allows detection of changes after initiation of treatment. However, the optimal method has not been established. Echocardiography, electrocardiography, and the determination of biomarkers, notably, cardiac troponins and natriuretic peptides 46 have distinct advantages and disadvantages. 44 Susceptibility to cardiotoxicity is clearly multifactorial and given the low incidence of cardiovascular events, the determination of risk factors was not possible. In addition, there is no information about disease-related or -unrelated cardiac morbidity in patients with CML. The influence of previous therapies, e.g. interferon-α or TKI, on cardiotoxicity is hard to discern, although it should be noted that all patients with an event had previously received imatinib mesylate. These patients may benefit particularly from cardiovascular screening before initiation with nilotinib, although the anticipated wider use of second-generation TKI as first-line treatment may lead to a decrease of this population. Currently, prophylactic medication based on treatment with nilotinib alone does not seem to be justified. As comorbidities may significantly influence the occurrence of cardiac and vascular adverse events under second-generation TKI, including nilotinib, 36,45 a high degree of awareness is mandatory during the follow-up, since comorbidities may not be present at the onset of nilotinib therapy and may only develop over time with long-term treatment. As for the presence of specific BCR-ABL mutations, knowledge about substance-specific side effects may influence treatment decisions substantially. 45, 47 Based on our own experience and published data, Table 3 presents a list of parameters that can be reasonably monitored during the follow-up of patients under nilotinib.
In conclusion, whereas new electrocardiographic abnormalities were recorded in 20% of all patients and some of them developed severe or even life-threatening coronary artery disease, QT prolongation, changes in LVEF, and clinical cardiac adverse events were uncommon in patients treated with nilotinib and seldom led to treatment discontinuation. There was no cumulative effect of nilotinib exposure indicating the cardiac safety of this TKI. Therefore, the data indicate the need to adhere to current practice guidelines for monitoring patients with CML who are receiving TKI therapy. Important future questions are whether TKI therapy can be discontinued in patients with CML 48, 49 and whether the period of TKI therapy prior to discontinuation can be sufficiently brief to avoid or reduce cardiac or other vascular adverse events, especially in those with risk factors. 
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